Square-root Nyquist transmit filtering is typically used in single-carrier (SC) transmission. By changing the filter roll-off factor, the bit-error rate (BER), peak-to-average power ratio (PAPR), and spectrum efficiency (SE) changes, resulting in a tradeoff among these performance indicators. In this paper, assuming SC with frequency-domain equalization (SC-FDE), we design a new transmit filtering based on the minimum variance of instantaneous transmit power (VIP) criterion in order to reduce the PAPR of the transmit signal of SC-FDE. Performance evaluation of SC-FDE using the proposed transmit filtering is done by computer simulation, and shows that the proposed transmit filtering contributes lower transmit PAPR, while there exists only a small degradation in BER performance compared to SC-FDE using square-root Nyquist filtering. key words: single-carrier transmission, transmit filtering, peak-to-average power ratio (PAPR) 
Introduction
High-speed and high-quality are the main requirements for the next-generation mobile network [1] . However, an existence of multipath propagation with several time delays results in a frequency-selective fading channel, where the transmission performance in terms of bit-error rate (BER) degrades [2] . Orthogonal frequency division multiplexing (OFDM) is introduced as a promising transmission technique which is robust against frequency selectivity, but its high peak-to-average power ratio (PAPR) of transmit signal is the main drawback [3] . On the other hand, singlecarrier transmission with frequency-domain equalization (SC-FDE) [4] , [5] provides good performance under fading environment with lower PAPR, and hence, its combination with frequency division multi-access (FDMA), called SC-FDMA, has been adopted as the uplink multiple access technique in LTE system. SC signal can be optionally generated by inserting discrete Fourier transform (DFT) into conventional OFDM transmitter [6] . By employing such this approach, frequency-domain signal processing, where transmit and receive filtering can be done as simple one-tap multiplication, is approachable [7] . Additional signal manipulation, e.g. frequency mapping, is able to be flexibly implemented.
Square-root raised cosine (SRRC) filter, one example of a square-root Nyquist filter, is typically used as a transmit filtering in SC-FDE for limiting the transmission bandwidth [8] . Roll-off factor is introduced as a parameter controlling filter shape and extra transmission bandwidth. Effects on system performance when changing roll-off factor of SRRC as the transmit filter have been well described in [9] - [11] in many points of view. With regard to PAPR [9] , a certain value of roll-off factor provides very low PAPR. In aspect of BER [10] , [11] , the extra bandwidth yielded by the roll-off factor provides additional diversity gain, resulting in BER improvement. It is also obvious that increasing roll-off factor degrades the spectrum efficiency (SE). As a consequence, there exists a tradeoff among these performance indicators when either filter shape or filter bandwidth changes. In this paper, low-PAPR transmission is our main objective rather than BER or SE.
There exist many studies which proposed PAPR reduction techniques based on transmit filtering and precoding design. These techniques are preferable because of low complexity and no major changes on transceiver. Some articles introduced new filter shapes which were constructed by either improving an existing conventional filter or derived from Nyquist prototype [12] - [16] . PAPR was examined for various types of conventional transmit filtering in Ref. [17] , where OFDM transmission is considered. Meanwhile, the above techniques cannot guarantee the lowest PAPR. It is possible to determine a new transmit filtering providing lower PAPR than the existing filtering approaches.
Many studies also stated that employing a minimization algorithm on the definition of PAPR is far too complicated. Recently, the variance of instantaneous transmit power (VIP) was introduced as a parameter which corresponds to PAPR [18] , [19] . A transmit signal with high VIP indicates its high variation of both signal amplitude and instantaneous power, resulting in high peak, and vice versa. Reference [18] also proposed a low-PAPR precoder for OFDM transmitter based on a minimum VIP (min-VIP) criterion. The algorithm proposed in Ref. [18] is also applicable with some modification to SC-FDE transmission. Note that roll-off factor is not considered in Ref. [18] . In Ref. [19] , transmission with extra bandwidth (e.g. roll-off factor) is introduced, but the proposed transmit precoder does not adequately utilize the bandwidth expansion to improve both PAPR and BER performance.
The above discussions motivate us to design a frequency-domain-based transmit filtering technique providing the following contributions:
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• A new transmit filtering design is introduced based on the min-VIP criterion. The PAPR performance of the designed filtering is expected to be better than using SRRC filtering, while there is no serious BER degradation.
• Similar to SRRC filtering, transmission of extra bandwidth controlled by roll-off factor is still achievable for the proposed filtering. The effect of roll-off factor on PAPR performance is also discussed.
• A benefit of excess-bandwidth transmission in terms of BER improvement is realized by employing frequencydomain spectrum copying at the transmitter and joint FDE using minimum mean-square criterion (MMSE-FDE) with spectrum combining [11] . By using this approach, additional frequency diversity gain can be obtained.
• Performance evaluations of both SC-FDE using the proposed filtering and SRRC filtering are done by computer simulation, and are shown in terms of BER and complementary cumulative distribution function (CCDF) [20] of PAPR.
This paper is organized as follows. SC-FDE transmission system model is introduced in Sect. 2. The definition of VIP corresponding to the transmitted signal is described in Sect. 3. Section 4 presents the design of low-PAPR transmit filtering based on min-VIP criterion. Section 5 shows the performance evaluations. Finally, Sect. 6 concludes the paper. Figure 1 illustrates a single-user, single-antenna SC-FDE transmission model considered in this paper, where the transmission is assumed to be a block transmission of M symbols over available N c subcarriers (M ≤ N c ). We consider the baseband filtering, which can be viewed as precoding or power allocation in the frequency-domain [10] , [11] . We want to design the spectrum shape within the predefined mask (i.e., only the pre-assigned subcarriers are used).
SC-FDE System Model
In this paper, we consider the case of the roll-off factor α ≤ 1 since it is more practical especially when the transmission bandwidth is limited. Therefore, the maximum number of available subcarriers is N c =2M. This also indicates that all N c =2M subcarriers are used when roll-off factor α=1. As the spectrum mask is narrowed, a lower value of α needs to be used and hence, the number of subcarriers to be used is reduced.
Transmit filtering is introduced by a matrix H T . H T is an N c × N c diagonal matrix which N c central elements in the diagonal contain transmit filter coefficients
In case of transmission using SRRC transmit filtering [7] , the filter coefficients H T (k) can be determined by
Instead of SRRC transmit filter coefficients, the set of coefficients (4) can be changed to a set of filter coefficients of the proposed low-PAPR transmit filtering. The method of obtaining those filter coefficients is discussed in more details in Sect. 4 .
After that, the filtered signal is transformed back into time domain by N c -point inverse fast Fourier trans-
T after passing through all processes can be expressed as
Finally, the last N g samples of transmit block are copied as a cyclic prefix (CP) and inserted into the guard interval (GI), then a CP-inserted signal block of N g + N c samples is transmitted. The transmit filtering algorithm, with particular roll-off factor α, is illustrated by Fig. 2 . It can be seen that H T (k) is applied to D(k) as one-tap multiplication.
Receiver
The transmission is conducted under L-path independent block Rayleigh fading channel [2] . Channel response is given by
where h l and τ l are complex-valued path gain and time delay of the l-th path, respectively. δ(·) is the delta function. The received signal after CP removal,
where E s and T s are symbol energy and symbol duration, respectively. s is obtained from (6) , and n is noise vector in which element is zero-mean additive white Gaussian noise (AWGN) having the variance 2N 0 /T s with N 0 being the one-sided noise power spectrum density. In addition, channel response matrix h is a circular matrix representing time-domain channel impulse response, which is
The received signal is transformed into frequency domain by N c -point FFT, obtaining the frequency-domain received signal R as
where the frequency-domain channel response H c is
Joint MMSE-FDE with spectrum combining is later employed in order to mitigate the effect of fading channel and recover the original M frequency-domain components with additional frequency diversity gain. In this paper, an M × N c matrix W represents this operation and W is expressed by Eq. (12), where W(k), k = 0 ∼ N c − 1 is determined so as to minimize the mean-square error (MSE) between D and the frequency-domain signal after equalizationD=WR by referencing Ref. [11] , and given by
and H c (k) is the elements in H c with respect to each frequency index. In Ref. [11] , the receiver employs the SRRC filter (i.e. matched filter) as the receive filter, which is followed by the MMSE filter. In this paper, however, the MMSE-FDE is designed to include the receive filter function. This is the reason why the numerator of Eq. (13) becomes H * c (k)H * T (k). The frequency-domain received signal after equalization and spectrum combiningD is finally transformed back into time-domain received signal before demodulationd
In addition, spectrum combining is simply depicted by (12) and the figure that spectrum combining should be done corresponding to the copying at the transmitter, otherwise the frequency diversity is not achieved.
VIP Definition
It is previously mentioned that either a closed-form definition or other matrics relating to PAPR should be available for determining a low-PAPR transmit filtering. In this paper, Refs. [17] , [18] are used as a guideline for the definition of VIP for SC-FDE. Then, the derived VIP is used for designing the low-PAPR transmit filtering in the next section. The method of VIP determination begins from the time-domain transmit signal vector s whose each component is represented by s(n), n = 0 ∼ N c − 1, as shown in Eq. (6). An overall transmit operation matrix X = F
H N c
H T E M is also defined to simplify the derivation. Then, Eq. (6) is rewritten as s = Xd, where each element s(n) is given by
Here, x nm represents an element in X at the n-th row and m-th column. By the definition, instantaneous transmit power of each sample is |s(n)| 2 . The VIP of a particular transmission block, represented by σ 2 , is then given by 
Assuming that all transmission blocks are independent, substituting Eq. (15) into Eq. (17) yields the VIP
Note that the derivation of Eq. (18) is in Appendix-A. The
in Eq. (18) indicates that the VIP, and further the PAPR, depends on modulation type. We assume that {d(m)} are independent and identically distributed (i.i.d.) for simplicity. In case of constant-amplitude modulation, κ=1.
It can be also observed that the derived VIP σ 2 given by Eq. (18) is similar to one in Refs. [17] , [18] even though they are operated in different transmission schemes. This is because they both are derived from the overall transmit poeration matrix X. However, the structure of X, including the value of x nm , of each transmission scheme is not the same.
Design of Low-PAPR Transmit Filtering
In this section, the derived VIP in the previous section is used as a criterion for determining a low-PAPR transmit filtering for SC-FDE.
Problem Formulation
We are also interested in other optimization techniques, especially non-iterative optimization since it requires lower computational complexity. However, the optimization problem needs to be relaxed as much as possible since it involves with many variables as understood from Eq. (18) . In this paper, we alternatively focus on iterative optimization, where the simplification of Eq. (18) is not required. Firstly, an N c × M transmit precoder P is introduced as
arg min
By using Eq. (19), complexity of min-VIP problem solution is possibly reduced since the problem is determined in precoder-level. The min-VIP problem is formulated as Eq. (20) . The minimization problem in Eq. (20) is similar to one in Ref. [18] . However, it is observed from Refs. [18] , [19] that an optimal set of transmit filter coefficients is real and positive even though only transmit power constraint is employed. Note that the minimization of VIP problem in Ref. [18] considers OFDM transmission without roll-off factor, while Ref. [19] considers SC-FDE transmission with bandwidth expansion, where the starting point of gradient search algorithm is ideal rectangular filter and the excess bandwidth is not utilized (therefore, an additional for obtaining frequency diversity is not obtained).
Meanwhile, it is discussed in Ref. [19] that the minimization of VIP always converges to one solution if the frequency-domain filter coefficients are kept positive. Even though it is not explained in Refs. [18] , [19] how the constraint of non-negative filter coefficients affects PAPR performance and that the constraint of non-negative is not mandatory, we have tried to employ the constraint that the transmit filter coefficients should be greater than or equal to zero in the minimization problem in order to confirm a unique solution, especially when the starting point of gradient search in our paper is different from Refs. [18] , [19] (i.e. Refs. [18] , [19] use ideal rectangular filter as a starting point while our paper uses the SRRC filter as a starting point). Note that the method of selecting the starting point is discussed in details in Sect. 4.2.
Equation (20) can be rewritten by referencing Eq. (19) as arg min
The following transmit power constraint is introduced:
If the precoder in Eq. (19) is considered, the transmit power constraint in Eq. (22) is rewritten as p m 2 = 1, where p m is an m-th column vector of P.
Solving the Min-VIP Problem
The minimization problem in Eq. (20) or Eq. (21) are nonconvex, and hence direct solving may be too difficult. Alternatively, the problems can be solved by numerical methods; gradient search algorithm [21] is an example among them. We select Eq. (21) as the min-VIP problem to be solved in this section. Prior to problem solving, gradient function should exist. The gradient function with respect to p m is determined by
The reason of using gradient of p m instead of either P or H T is the transmit power constraint (as shown in Eq. (22)) can be simply controlled as a vector normalization. Substituting Eq. (18) in Eq. (23) yields
where
The derivation of Eq. (24) is shown in Appendix-B. Gradient search is employed iteratively for each column in P, i.e. p m , m = 0, . . . , M−1. The searching algorithm at the t-th iteration is expressed bỹ
where γ represents the step-size parameter. Thenp m [t + 1] is normalized as
One important thing for iterative gradient search is the starting point, i.e. p m [0] . The search algorithm with a good starting point requires a smaller number of iterations. In Ref. [18] , a corresponding column of DFT matrix is selected as a starting point, which refers to original SC-FDE. However, the filter coefficients are obtained before transmission by solving the minimization problem using a gradient search algorithm and the same filter coefficients are used for all succeeding block transmissions. Therefore, there is no need to concern about the number of iterations.
Our goal is to find the transmit filtering which provides a low PAPR than conventional filtering. The SRRC filter coefficients are selected as the starting point; i.e., P = H T,SRRC E M where H T,SRRC represents SRRC filtering matrix. By referencing to Refs. [11] - [17] , the SRRC transmit filtering provides a very-low PAPR compared to other conventional filters. If another conventional filtering is used as the starting point, the result from gradient search algorithm may not guarantee for achieving lower PAPR than SRRC filtering.
Obtaining Transmit Filter Coefficients
An optimum precoder P opt is determined after particular iterations of Eqs. (26) and (27). An inverse operation of Eq. (19) is employed in order to obtain an optimum transmit filtering matrix H T,opt , where optimum filter coefficients are contained inside. That is
where E + M represents Moore-Penrose pseudoinverse of E M [22] . Note that the filter coefficients obtained from Eq. (28) can be used in all block transmissions since κ can be statistically determined as the same value for each transmission symbol, but still depends on the modulation type.
Performance Evaluation
Numerical and simulation parameters are summarized in Table 1. We assume quadrature phase-shift keying (QPSK) or 16-quadrature amplitude modulation (16-QAM) block transmissions with the number of available subcarriers N c =512. Channel coding is not considered. The propagation channel is assumed to be a frequency-selective block Rayleigh fading channel having a symbol-spaced L=16-path uniform power delay profile. Note that the parameters for gradient search algorithms (i.e. the number of iterations and step-size parameter) are determined so as to guarantee the convergence. The step-size parameter γ=1.0 and the number of iterations equals 100 are used (see Appendix-C). The guard interval for the cyclic-prefix insertion can be utilized as the symbol timing recovery and the frequency offset estimation in SC-FDE. Here, ideal symbol timing recovery and no frequency offset are assumed in this paper.
Filter Impulse Response and Transfer Function
Filter impulse responses and transfer functions of both SRRC and the low-PAPR filters are discussed in this subsection. Figure 4 shows the frequency-domain transfer functions of SRRC filter and the low-PAPR filter for QPSK and 16-QAM modulation schemes. As mentioned in the previous section, different filter shpes are obtained for different modulation schemes due to the effect of κ. Roll-off factor (α) is also considered. It can be observed from the figure that the shapes of low-PAPR filter obtained from Eq. (20) are a bit changed from SRRC filter shapes, especially when α≥0.5. At the place that α≥0.75 in low-PAPR filter for QPSK modula- tion (α≥0.5 for 16-QAM), there exist small lobes beside the main part of filters. To examine how these filter shapes can reduce the PAPR, time-domain filter impulse response should be available. Figure 5 provides the time-domain filter impulse responses corresponding to the transfer functions shown in Fig. 4 . The figures show comparison of various impulse responses of different filters at the same roll-off factor α=0, 0.5, and 1. SRRC filter itself does not satisfy the Nyquist criterion, but a concatenation of SRRC at a transmitter and that at a receiver (which is equivalent to raised cosine filter) meets the Nyquist criterion. Therefore, the zero-crossing sampling timing is different when roll-off factor changes. It can be observed from the figures that the low-PAPR proposed filter, both for QPSK and 16-QAM, has lower sidelobe amplitude than SRRC filter. The reducion of sidelobe amplitude can be claimed as a reason of PAPR reduction of the proposed filter. Note that the effect of sidelobe of filter impulse response on PAPR is well described in Ref. [17] , which confirms our results. We can also observe that peaks of the pulses are also reduced in the proposed filters.
It is observed from Figs. 4(b) and 4(c) that there exists spectrum increase at both edges, which is clearly visible when roll-off factor increases. We would like to describe this phenomenon by firstly showing how the gradient search algorithm affects the filter for the given number of iterations. Filter transfer functions and corresponding impulse responses of low-PAPR filter with α=1 for 16-QAM modulation at the i-th iteration (i=0, 50, 100) are shown in Fig. 6 , for describing how the iterative gradient search algorithm in Sect. 4 affects filter transfer function and impulse response. Here, we assume M=128, N c =256, and oversampling factor V=8.
By referencing [17] , [19] , peak power reduction of transmit signal is due to the following reasons: sidelobe amplitude reduction, sidelobe misalignment, and pulse widening for reducing a peak occuring from pulse overlapping. Note that the terminology "sidelobe misalignment" is previously used in Ref. [19] , and refers to an irregular alignment where zero-crossing of filter impulse response is not located at the sampling period (i.e. nt/T where n is integer and T is sampling period). Figure 6 (b) confirms that the three abovementioned reasons of peak power reduction are gradually obvious when the number of iterations increases. It is also observed that the filter transfer function is "compressed" from the both sides of frequency spectrum when the number of iterations increases in order to obtain the corresponding impulse response in Fig. 6(b) .
However, when the gradient search algorithm attemps to compress the frequency spectrum from the both sides, it leads to two possible alterations on filter transfer function, which corresponds to each other. One is an increasing around the center of transfer function, which occurs in every roll-off factors and modulation schemes (see Fig. 4 (b) and 4(c)). Another one is alteration at the edges of filter transfer function. Figure 6(a) shows that the filter coefficients at the edges of transfer function gradually increase when the number of iterations increases. This is because the filter coefficients with low value at the edges of filter transfer function are pushed to negative region (i.e. H T,opt <0 ), however, this region is converted to positive values instead due to the constraint of non-negative frequency-domain filter coefficients in Eq. (20) . In addition, it is also observed that this phenomenon does not occur when α is low because the filter coefficients at the edges are relatively high compared to the filter with large α, hence the coefficients remain non-negative even though the transfer function is gradually compressed during the gradient search algorithm.
The occurrence of compressing the filter coefficients to negative region may imply that the constraint H T (k) ≥ 0, ∀k should be relaxed. But it is confirmed by computer simulation that the low-PAPR filter with negative frequencydomain filter coefficients provides a slightly higher PAPR compared to the one with non-negative frequency-domain filter coefficients due to an increasing of sidelobe magnitude, even though the same BER can be achieved.
We have evaluated the PAPR performance when using the transmit filter coefficients obtained from the gradient search algorithm with and without the constraint condition H T (k)≥0. Figure 7 shows the simulation result of transmit PAPR using the proposed filtering with the roll-off factor α=1 and 16-QAM. It is show that the use of the transmit filter coefficients obtained from the gradient search algorithm with constraint H T (k)≥0 provides 0.2 dB lower PAPR than the one without constraint. The difference among PAPR performances with different values of α has also been discussed by examining the time-domain impulse responses of the resulting transmit filter coefficients. It is seen Fig. 6 (c) (which is a zoom-in version of Fig. 6(b) ) that the transmit impulse response obtained from the gradient search without constraint H T (k)≥0 has a slight higher sidelobe compared to the one obtained from the gradient search with constraint. Even though this performance gap is very small (0.2 dB = 4.7% difference), the reason of this gap has been discussed as follows.
As discussed in Sect. 4.1, the gradient search algorithm reaches the same local minima as long as H T (k)≥0. However, a gradient search algorithm which allows the negative transmit filter coefficients may lead to another local minima even if the same starting point, the same step-size parameter, and the same iterations are employed. It is confirmed by computer simulation assuming a block transmission consisting of 256 16-QAM-modulated symbols that a gradient search algorithm which allows the negative transmit filter coefficients reaches the same local minima as a gradient search algorithm with constraint H T (k)≥0 at the 200th iteration with step-size γ=0.5 when α=1. Note that the gradient search algorithm with constraint H T (k)≥0 is conducted with the number of iterations = 100 and step-size γ=1.0 for every roll-off factor.
PAPR Performance
In this paper, PAPR calculation over a block of transmission is defined as
where V represents oversampling factor (we consider V=8 in this paper). PAPR is evaluated by examining the CCDF. Figure 8 shows the CCDF of PAPR of a comparison between transmissions using the low-PAPR proposed filtering and SRRC filtering, for both QPSK and 16-QAM modulation schemes. Roll-off factor α is also applicable. It is obviously seen from the figure that the PAPR of transmission using the proposed transmit filtering is lower than using SRRC filtering in every α.
At the place where probability of occurrence equals 0.1% (PAPR 0.1% ), approximately 0.3 dB (0.2 dB) reduction of PAPR is obtained when α=0 for QPSK (16-QAM) modulation, while about 1.3 dB (1.0 dB) reduction is achievable when α=0.75. We also would like to mention that the min-VIP problem in Eq. (20) is non-convex, and hence provides many points of local minima. Even though the gradient search algorithm in Eq. (26) cannot guarantee the global minimum, we can still achieve such a satisfactory PAPR result.
As it can be observed in both transmission schemes that the lowest PAPR is achieved at a particular α, we also evaluate the PAPR performance as a function of roll-off factor α. Figure 9 shows the PAPR at a probability of occurrence of 1% (PAPR 1% ) of each transmission scheme as a function of α. From the figure, the lowest PAPR 1% of transmission using SRRC filtering is obtained when α is approximately 0.4 for both modulation schemes. The lowest PAPR 1% of the transmission using the proposed low-PAPR transmit filtering is achieved when α is about 0.75 for QPSK and 0.65 for 16-QAM. We can also observe that the proposed filtering gives better PAPR improvement when α is higher than 0.4.
BER Performance
BER performance of SC-FDE transmission using each transmit filtering is shown in Fig. 10 as a function of average received energy-to-noise power spectrum density ratio E b /N 0 = (1/N mod )(E s /N 0 )(1+N g /N c ) where N mod represents modulation level (2 for QPSK and 4 for 16-QAM). Performance evaluation is done for roll-off factor α=0, 0.5, and 1. As α increases, the BER performance improves due to higher frequency diversity gain resulting from joint MMSE- FDE and spectrum combining.
There exists the similarity between the BER performances of QPSK and 16-QAM modulations. When α=0 and 0.5, the BER performance with the SRRC filtering and that with the proposed filtering are almost the same. When α=1, the BER performance with the proposed filtering is only slightly worse (less than 0.4 dB) than that with the SRRC filtering. A possible reason behind the above result is discussed in Appendix-D.
It is a fact that the proposed transmit filter does not satisfy the Nyquist criterion. However, a concatenation of transmit filter and the FDE at the receiver acts based on the MMSE criterion to satisfy the Nyquist criterion. The simulation results confirm that the BER performances at roll-off factor α=0 and 0.5 are almost the same and are only slightly degraded from the case of SRRC when α=1.
Finally, we also provide a performance tradeoff curve between PAPR 0.1% and the required E b /N 0 for achieving 
BER=10
−3 , as shown in Fig. 11 . It can be observed for both QPSK and 16-QAM modulation schemes that SC-FDE using the proposed low-PAPR transmit filtering provides better PAPR where the required transmit power for achieving particular BER is not changed, as the performance tradeoff curve shifts to the left.
Conclusion
A new low-PAPR transmit filtering based on min-VIP criterion for SC-FDE was designed in this paper. The proposed transmit filtering can achieve excess-bandwidth transmission by changing the roll-off factor. A combination of the proposed filtering and joint MMSE-FDE and spectrum combining provides additional frequency diversity gain through the excess-bandwidth in a frequency-selective channel. Simulation results confirmed that the proposed low-PAPR transmit filtering gives lower PAPR with only a slight BER performance degradation compared to the SRRC filtering. The second term of the denominator of Eq. (A· 12) is the variance ofĤ(k) and represents the residual inter-symbol interference (ISI) power. The BER is a monotonically decreasing function of the conditional SINR [24] . This means that the equivalent channel response should be made flat as much as possible.
We have examined the one-shot observation the equivalent channel responses of SC-QPSK transmission using SRRC transmit filtering and that using the proposed filtering for various values of α when the average received E b /N 0 =10 dB. A one-shot observation of the equivalent channel response assuming M=128 and QPSK modulation is provided in Fig. A· 2. From Fig. A· 2 , it can be observed that when α=0 and 0.5, the equivalent channel response with the SRRC transmit filtering and that with the proposed transmit filtering are almost the same. Therefore, two filtering techniques provide almost the same conditional SINR, thereby providing almost the same BER performance. However, when α=1, the proposed transmit filtering is seen to have slightly higher variations in the equivalent channel response than the SRRC filtering; therefore, the proposed filtering provides slightly lower conditional SINR, thereby providing a worse BER performance.
